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Knitted metallic spring tubes are the structural backbones that provide resiliency in 
control surface seals for use on current and future reusable space launch vehicles. Control 
surface seals fill the space between movable control surfaces such as body flaps, rudders 
and elevons, and the static body structures to which they are attached. These seals 
must remain in continuous contact with opposing surfaces to prevent the ingestion of 
damaging hot gases encountered during atmospheric re-entry. The Inconel X-750 spring 
tube utilized in the baseline control surface seal shows significant resiliency loss when 
compressed at temperatures as low as 1200 °F. High temperature compression testing and 
microstructural analysis show that creep is the dominant deformation mechanism leading 
to permanent set and resiliency loss in tested spring tube samples. Additional evaluation 
using a structured design of experiments approach shows that spring tube performance, 
primarily high temperature resiliency, can be enhanced through material substitution of 
Rene 41 alloy (for the baseline Inconel X-750 material) when coupled with specialized 
thermal processing. 


I. Introduction 

Reusable launch vehicles and other space exploration craft utilize movable panels known as control 
surfaces to attain a desired trajectory during flight. Common control surfaces include rudders, body flaps, 
and elevons. During atmospheric re-entry, leakage of hot gases through gaps where these actuated control 
surfaces interface with static structural surfaces (e.g., fin sections) can damage underlying temperature- 
intolerant systems such as the mechanical actuators responsible for vehicle navigation. Damage to these 
structures during flight could have detrimental effects on guidance, and lead to the catastrophic loss of both 
vehicle and crew. To prevent such occurrences, control surface seals are installed to seal the gaps between 
static sections and the actuated panels, thereby inhibiting the penetration of high temperature gases. Control 
surface seals must withstand the extreme environmental conditions experienced during re-entry and perform 
reliably through multiple heat and load cycles. Fig. 1 illustrates a typical application of control surface seals 
on the proposed X-38 Crew Return Vehicle. 

As space exploration and flight technologies continuously evolve, performance requirements placed upon 
vehicle components become more demanding. Higher craft velocities and thinner external panels lead to 
increased exposure temperatures during re-entry for critical systems like control surface actuators. To 
accommodate these elevated temperatures and facilitate the proper function of vehicle systems, advancements 
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in sealing technology must be consistently achieved. The NASA Glenn Research Center (GRC) and The 
University of Toledo (UT) are working in collaboration to develop and test advanced control surface seals 
and seal components to address this dynamic need. 



Figure 1. Schematic of the X-38 CRV rudder/fin structure showing typical seal locations. 


A. Control Surface Seal Design Requirements 

The hostile nature of the re-entry environment that future space vehicles will need to endure generates a 
stringent set of design requirements for next generation control surface seals. To ensure vehicle structural 
integrity, seals must be capable of surviving at predicted temperatures as high as 1800 to 2200 °F, while 
restricting the leakage of hot gases to underlying temperature sensitive components. Control surface seals 
are typically installed in a compressed state, e.g., 20% of their nominal diameter, to compensate for 
both expansions and contractions of the gaps in which they are installed. To be effective, seals must 
maintain sufficient resiliency to remain in constant contact with opposing surfaces throughout multiple high 
temperature exposures and compressive cycles. Failure to satisfy this requirement would establish a direct 
path for leakage of damaging hot gases to underlying structures. In addition, surfaces such as Space Shuttle 
tiles cannot sustain high compressive loads, and as a result, seals must be designed to limit applied contact 
forces. Seal design requirements are outlined in Table 1. The goal of researchers at UT and NASA GRC is 
to develop control surface seal designs that can adequately accommodate all of these requirements. 


Parameter 

Design Requirement 

Seal 

Between 1800 °F and 2200 °F 

temperature 

depending on vehicle application 

Maximum unit loads 

5 lbf/in. -Shuttle tile 1 

Environment 

Oxidizing environment 

Time at maximum temperature 

1000 sec. to 2200 sec. 1 

Size 

0.5 to 1.0 in. nominal diameter 

Reusability 

TBD-nominally 10 to 100 cycles 

Resiliency 

Accommodate seal gap openings and closings 

Seal gap size 

Nominally 0.25 in. 


Table 1. Control Surface Seal Design Requirements 


B. Baseline Control Surface Seal and Previous Testing 

The current baseline control surface seal design was selected for use on the X-38, and is derived from Space 
Shuttle thermal barriers having a nearly identical configuration, but varying in size. On the Shuttle, these 
thermal barriers are positioned around the main landing gear doors, the orbiter external tank umbilical door, 
and the payload bay door vents (Fig. 2). In these locations, the thermal barriers are used to shield underlying 
temperature sensitive components from excessive heat transfer, and also to prevent hot gas ingestion at the 
mating sections of the movable panels. 
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Figure 2. 



Highlighted photographs show typical locations of the baseline seal on the Space Shuttle. 


As shown in Fig. 3, the baseline control surface seal 
is comprised of three components: 1.) A 2-layer Nextel 
312 (3M, St. Paul, MN) sheath 2.) An Inconel X-750 
(Special Metals Corp., Huntington, WV) spring tube 3.) 

A Saffil (Saffil Ltd., Cheshire, UK) core. The primary 
source of resiliency in the baseline design is the Inconel 
X-750 spring tube (0.560 in. nominal diameter) which 
acts as the structural backbone of the seal. The spring 
tube is fabricated by knitting three parallel strands of 
Inconel X-750 wire using a repeating looped pattern to 
form an open ended tube. The baseline spring tube knit 
geometry is herein referred to as the ST-5 knit geometry 
as prescribed in Boeing specification MB0160-047. 2 The 
ST-5 geometry is described by a set of numerical parameters which includes: number of wire strands, 
courses per inch (CPI), needles (N), wire diameter, and spring tube major diameter (D). These parameters 
are presented graphically in Figure 4 and are defined as follows: 

Number of wire strands - the number of individual wires knitted simultaneously in a parallel configura- 
tion to form the spring tube, 

CPI - the number of individual loops (lengthwise) per inch of spring length, 

N - the number of individual contiguous loops counted along a single rotation about the circumference of a 
spring tube, 

Wire diameter - the diameter of the individual wire strands used in fabrication, and 
D - the outer diameter of the spring tube. 



Figure 3. Photograph illustrating the three 
components of the baseline control surface seal 
design. 



Figure 4. Schematic illustrating spring tube parameters (left) and computer generated image depicting the 
3-dimensional spring tube geometry (right). 
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Loop density (LD) is used to simplify the comparison of spring tube designs having different knit 
geometries. Loop density is an estimation of the number of individual loops per square inch of spring 
tube surface area. The value can be visually determined by inspection, or it can be found numerically using 
the following equation: 


LD = 


CPI •N 

7T • D 


loops 

in 2 


(i) 


The ST-5 design is fabricated using three strands of 0.009 in. dia. wire which are knitted into a 0.560 ± 
0.025 in. dia. spring tube with 10 N, 4.9 CPI, and an LD of 28 loops per in. 2 . Once knitted, the spring tube 
is heat treated per Aerospace Material Specification (AMS) 5698 for a number one temper wire to improve 
the strength properties of the Inconel alloy. 3 

Results from previous compression tests on the 
baseline control surface seal at 1900 °F show a significant 
loss of resiliency and a large permanent set in the 
seal (Fig. 5). 4 This resiliency loss is attributed to 
decreased yield strength of the Inconel X-750 spring tube 
component at the elevated test temperature. Similar 
results are observed when the Inconel spring tube is 
tested by itself. 5 Further testing of the Inconel ST- 
5 at multiple temperatures shows noticeable resiliency 
loss and permanent set when samples are compressed 
above 1200 °F. This resiliency decrease nearly mirrors the 
temperature dependent yield strength behavior of Inconel 
X-750. Despite this evidence that time independent 
plastic flow (due to decreased Inconel yield strength with temperature) is primarily responsible for resiliency 
loss in the baseline seal, creep deformation is also suspected to play a significant role at the high test 
temperatures. However, further evaluation is required to isolate the dominant deformation mechanism. 

In addition to testing of the baseline spring tube, a preliminary set of screening tests on modified 
spring tube designs conducted at NASA GRC confirmed that both material substitution (including heat 
treatment) and modification of the knit geometry pattern can be used to enhance high temperature spring 
tube performance. Although material substitution (heat treated Rene 41 (Allvac, Monroe, NC) for heat 
treated Inconel X-750) proved to have the most significant impact on improving spring tube resiliency 
in early tests, both material substitution and geometry modification are viable options for extending the 
capabilities of the baseline control surface seal. 6 

Based on the results and observations from previous testing, the focus of this study is to first determine 
the dominant deformation mechanism leading to limited spring tube resiliency at elevated temperatures and 
then to further evaluate the influence of heat treatment and geometry modification on Rene 41 spring tube 
performance using a structured design of experiments (DOE) approach. 



Figure 5. Photograph of baseline seal before 
(left) and after (right) compression during 1900 
°F exposure showing seal resiliency loss. Initial 
seal dia. is approximately 0.62 in. 


II. Test Equipment and Procedures 

To evaluate the influence of design modification on spring tube performance, high temperature cyclic 
compression tests are conducted at NASA GRC using a state-of-the-art high temperature compression test 
rig (Fig. 6a). The primary components of the rig include a servohydraulic load frame, an air furnace, and 
a non-contacting laser extensometer. A thorough description of this test rig can be found in the paper by 
Dunlap, et al. 7 
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(a) Main components: load frame, air furnace, 
and non-contacting laser extensometer. 
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rod 


(b) SiC test fixture. 


Figure 6. Photographs of high temperature compression test rig and test fixture. 

Spring tubes are cut into 4 in. (nominal) segments for testing. Individual test specimens are supported 
in a grooved insert (0.620 in. wide x 0.625 in. deep, Fig. 7) in the stationary seal holder while they are 
compressed by the loading platen from above (Fig. 6b). This setup is designed to simulate the installed 
state of a seal on a space vehicle. 


Stationary seal holder 



Figure 7. Photograph of the stationary seal holder showing the grooved seal holder insert, SiC shims, and the 
installed orientation of the spring tube for compression testing. Note that the spring tube shown is filled with 
cotton to improve image clarity. 

At the start of each compression test, the loading platen is lowered until it achieves uniform contact with 
the test specimen. During hot tests the furnace door is closed, and contact cannot be visually confirmed. 
For this reason, a nominal spring tube preload of 0.2 lbf is used to define contact between the spring tube 
sample and the loading platen. Once the preload value is achieved, a new zero deflection point is defined 
for reference. The spring tube is then deflected 0.112 in. (20% of its nominal diameter) relative to the new 
“reference zero” using a compression rate of 0.002 in. per second. A 250 second dwell period derived from 
re-entry flight conditions is imposed at maximum deflection, and then the sample is unloaded at the same 
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rate. This procedure is repeated until 20 compression cycles are completed. Generated loads are monitored 
by either a 500 lb load cell calibrated to a db 100 lb range (± 0.15 lb accuracy) or a 100 lb load cell calibrated 
to a d= 50 lb range (± 0.05 lb accuracy), and the compressive stroke of the loading platen is tracked by the 
laser extensometer with an accuracy of db 0.00025 in. 

III. Data Analysis 

Compression test results are presented in terms of residual interference. Residual interference is a relative 
measure of the post deflection spring back (resiliency) of a seal or seal component for a given compression 
stroke length. The value is reported at the start of a specified compression cycle and is most commonly 
reported as a percentage of the stroke length. Percent residual interference is calculated using the following 
equation: 


f„ a • 100 [%] 

where T n is the percent residual interference at the start of cycle n, A n _i is the compressive stroke applied 
by the loading platen during cycle n-1, and 5 n is the permanent set present in the sample at the start of cycle 
n. 6 Schematic and graphical representations of these values are presented in Fig. 8 to clarify the process 
of calculating the residual interference at the beginning of compression cycle two. A residual interference of 
100% means that a test specimen has taken on no permanent set due to previous compressions. Conversely, a 
residual interference of 0% signifies that the test sample has suffered a permanent set at least as large as the 
displacement of the previous compressive stroke, and all resiliency within that compression range has been 
lost. Residual interference values presented in this study are accurate to within 2% (% residual interference) 
of the reported value. 
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Original state 



T2 = Residual interference at cycle 2 start 
82 = Permanent set at cycle 2 start 
Dq = Seal nominal diameter 



Stroke, in. 

Figure 8. Spring tube schematic illustrating the determination of residual interference at the start of cycle 2 
(top) and the corresponding plot of load vs stroke (bottom). 


IV. Determination of Dominant Deformation Mechanism 

Before fabricating new spring tube designs with modified geometries and heat treatments, the dominant 
deformation mechanism producing observed resiliency losses in test samples at elevated temperatures needed 
to be identified. With this insight, new specimens could be designed accordingly. In an effort to isolate the 
individual effects of creep deformation and time independent plastic flow, the compression test method 
typically used for spring tube evaluation was modified to minimize time effects. By eliminating dwell periods 
and increasing the load/unload rate from 0.002 in. per second to 0.010 in. per second, the duration of 
spring tube compression was reduced and creep deformation was limited. All other test conditions remained 
unchanged. Two tests were conducted at 1750 °F using heat treated Rene 41 ST-5 (NASA 5950-R41A heat 
treatment, Table 2) spring tube samples. Loads generated during compression were monitored using the 500 
lb load cell. 
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NASA 5950-R41A Heat Treatment 

Procedure 

Description 

Temperature 

[°F] 

Time Duration 
[hrs] 

Cooling 

Specification 

Solution 

Treatment 

2050 

0.5 

Cool to below 800° F 
in nitrogen atmosphere 

Aging Heat 
Treatment 

1650 

1 

Cool to room temp, in 
2 hrs. in nitrogen atmosphere 


Table 2. NASA 5950-R41A Heat Treatment for Rene 41 Alloy 


As shown in Fig. 9, calculated resiliencies for spring tubes evaluated using the modified compression test 
method are 2. lx higher at the start of cycle 10 and 2.5x higher at the start of cycle 20 when compared to the 
corresponding resiliencies calculated from standard tests of identical samples. These results provide a strong 
indication that creep is the dominant deformation mechanism leading to permanent set and resiliency loss 
in the spring tubes at elevated temperatures. 



1 2 3 10 20 


Cycle, n 

Figure 9. Comparison of average resiliency for multiple compression cycles at 1750 °F highlighting the influence 
of creep deformation on spring tube performance. “With Dwell” represents data collected using the standard 
compression test procedure, and “Without Dwell” represents data collected using the modified test procedure 
where dwell periods were eliminated and the loading/unloading rate was increased. 

To confirm this theory, a microstructure evaluation was conducted. Untested samples of the heat treated 
Inconel X-750 spring tube (baseline design), the heat treated Rene 41 spring tube (NASA 5950-R41A heat 
treatment), and the non heat treated Rene 41 spring tube were mounted in epoxy, sectioned, and examined 
using an optical microscope. A thorough description of this process is presented by Taylor. 8 As shown in 
Fig. 10, heat treated Inconel X-750 and non heat treated Rene 41 samples have comparable small grain sizes 
(10.71 and 11.16, respectively, as calculated per ASTM E112). 9 These two spring tubes perform similarly 
during high temperature compression testing, taking on significant permanent set, whereas larger grain, 
heat treated Rene 41 (7.24 ASTM grain size) spring tubes show significant resiliency improvement. These 
findings support the theory of creep dominance, as large grain metals are classically better for resisting creep 
deformation than fine grain alloys. Based on this, improved resiliency may be achieved through modified 
Rene 41 heat treatments or ODS alloy substitution that would provide an enhanced resistance to creep 
deformation. 
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(a) HT Inconel X-750 (b) NHT Rene 41 (c) HT Rene 41 


Figure 10. Micrographs taken using optical microscopy comparing material grain size. 


Further examination of the spring tubes using scanning electron microscopy (SEM) shows that the 
knitting process produces some surface abrasion on the individual wire strands (Figure 11). Minor surface 
damage is not believed to be detrimental to metallic samples; however, this could pose an obstacle for future 
substitution of non- metallic materials such as ceramic fibers that are susceptible to fracture through abrasion. 



Figure 11. SEM micrograph of an untested non heat treated Rene 41 spring tube showing inherent strand 
abrasion incurred during knitting. 


V. Spring Tube Design of Experiments Analysis 


A. Background 

To apply the findings of previous spring tube testing and obtain a new design with enhanced performance 
characteristics, a final round of compression testing was derived using a methodical Design of Experiments 
(DOE) approach. Three design parameters, loop density, heat treatment, and wire diameter, were selected 
as test input factors, and spring tube resiliency and peak load were selected as response variables to evaluate 
factor effects. The three factors and their respective levels are listed in Table 3. 
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Spring Tube DOE Analysis 

Factor 

Level 1 

Level 2 

Loop Density [loops/in. 2 ] 

28 

136 

Heat Treatment 

R41A 

R41C 

Wire Diameter [in.] 

0.009 

0.005 


Table 3. Factors and Levels For Spring Tube DOE Analysis 


Loop density and heat treatment were selected for further analysis due to their positive impact on spring 
tube performance in previous effects screening tests. Wire diameter was selected as a test factor because 
numerical modeling of the spring tube using finite element analysis shows that decreasing wire diameter 
reduces wire stress, and potentially reduces incurred spring tube permanent set. 10 

Having identified creep as the driving mechanism behind spring tube resiliency loss, a new heat treatment 
was developed to enhance the high temperature creep resistant properties of Rene 41. This heat treatment 
is identified as the NASA 5950- R41C heat treatment (Table 4). The solution treatment temperature of 2025 
°F zb 25°F was selected because it is above the gamma prime (Nis(Al, Ti)) solvus temperature (1960/1980 
°F) but below the MqC carbide solvus temperature (2100 °F). 11 If the MeC carbide phase (MogC in Rene 
41) is dissolved, subsequent temperature exposure in the 1400 to 1600 °F range produces an M 23 C 6 ((Cr, 
Mo, Fe, Ni ) 2 3 Ce) carbide film at the Rene 41 grain boundaries which has negative effects on material 
strength properties. 12 Heat treating at 2025° F prevents the formation of the carbide boundary film, but still 
allows intragranular gamma prime precipitates to go into solution. Subsequent rapid cooling of the alloy to 
below 1200 °F preserves the homogenous state of the metal achieved through the solution treatment phase. 
Aging heat at 1400 °F produces a uniformly distributed matrix of gamma prime precipitates which coarsen 
throughout the 16 hour process duration. This heat treatment should produce improved creep resistance 
over the original R41A heat treatment due to an increased volume of larger gamma prime precipitates which 
strengthen the alloy by inhibiting dislocation movement. 


NASA 5950-R41C Heat Treatment 

Procedure 

Temperature 

Time Duration 

Cooling 

Description 

[°F] 

[hrs] 

Specification 

Solution 

Treatment 

2025 zb 25 

0.5 

Cool at 400 °F/min or faster to 
below 1200 °F in nitrogen atmosphere 

Aging Heat 

1400 

16 

Cool to room temp, in 

Treatment 

2 hrs. in nitrogen atmosphere 


Table 4. NASA 5950-R41C Heat Treatment For Rene 41 


Three different spring tube geometries were fabricated for evaluation (Fig. 12). To statistically analyze 
the effects of the factors presented in Table 3 using a complete 2 3 full factorial experimental design, four 
geometries would be fabricated using combinations of the geometry factors loop density and wire diameter. 
By combining these geometries with the two heat treatments, test data for all of the samples could be 
evaluated simultaneously using analysis of variance (ANOVA) techniques for a 2 3 full factorial design. 13 
However, due to limited manufacturer capabilities, only three of the necessary geometries could be produced. 
A 136 LD design could not be knitted from 0.009 in. dia. wire. This required data to be organized and 
analyzed on a paired-factor basis. Samples of the three geometry designs were heat treated using each of 
the R41A and R41C heat treatment specifications. The heat treatments were slightly modified from their 
original state in that argon was substituted for nitrogen as the cooling atmosphere due to gas availability at 
the heat treating facility. Finalized test specimens are listed in Table 5 with their respective knit parameters, 
heat treatments, and name designations. Preload values used for compression testing each sample are also 
listed in the table. Preload values were reduced from the nominal 0.2 lbf/in. for spring tubes with lower 
stiffness to prevent excessive sample deflection prior to the start of each test. These values were selected at 
room temperature by visually determining the force needed to achieve uniform contact between each test 
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specimen and the loading platen. Tests were conducted at 1750 °F, utilized the 100 lb load cell, and followed 
the standard procedure for 20 cycle compression tests described previously (0.002 in. per second load/unload 
rate, 250 second dwell at maximum deflection, etc.). The evaluation of each spring tube design included an 
initial run plus one replicate run. 




Figure 12. Spring tube knit geometries selected for DOE analysis: Rene ST5 (top), Rene 005-ST5 (center), 
and Rene 136LD (bottom) 


Specimen 

Identifier 

Heat 

Treat 

Wire 

Strands 

Wire 
Dia. [in.] 

CPI 

N 

LD 

[loops/in. 2 ] 

Preload 

[ibf.] 

Rene ST5-A 

R41A 

3 

0.009 

4.9 

10 

28 

0.2 

Rene ST5-C 

R41C 

3 

0.009 

4.9 

10 

28 

0.2 

Rene 005-ST5-A 

R41A 

3 

0.005 

4.9 

10 

28 

0.05 

Rene 005-ST5-C 

R41C 

3 

0.005 

4.9 

10 

28 

0.05 

Rene 136LD-A 

R41A 

3 

0.005 

15 

16 

136 

0.1 

Rene 136LD-C 

R41C 

3 

0.005 

15 

16 

136 

0.1 


CPI - Courses per Inch LD - Loop Density 


Table 5. Experimental Spring Tube Designs For DOE Analysis 


B. Results and Discussion 

Compression test results are presented in Table 6. These results are evaluated using analysis of variance 
statistical techniques to determine if the selected design factors have a significant impact on spring tube 
performance. Since a full factorial analysis is not feasible due to test sample fabrication limitations, test 
data is broken into three groups for analysis. The first group includes test samples Rene 005ST5-A, Rene 
005ST5-C, Rene 136LD-A and Rene 136LD-C, and evaluates the effect of heat treatment and loop density 
on both residual interference and peak load at dwell. The second group includes test samples Rene 005ST5- 
A, Rene 005ST5-C, Rene ST5-A, and Rene ST5-C, and examines the impact of heat treatment and wire 
diameter on spring tube residual interference and peak load at dwell. Strategic pairing of the first two data 
groups enables them to be evaluated using a 2 2 full factorial ANOVA. This method facilitates an investigation 
of not only main factor effects on spring tube performance, but it also allows two factor interaction effects 
to be examined. The third group includes data from all six spring tube designs and evaluates the overall 
effect of heat treatment using a one-way ANOVA. The analysis of data collected during the spring tube DOE 
tests focuses on peak load and residual interference values from cycle 20 because longer term spring tube 
performance is of primary interest. All analyses applied in this DOE evaluation use a 95% confidence level 
to define statistical significance. 
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Specimen Identifier 

Peak load at dwell [lbf/in.] 

f„ 

Cycle, n 

1 

2 

3 

10 

20 

1 

2 

3 

10 

20 

Rene ST5-A 

0.88 

0.65 

0.62 

0.33 

0.21 

100 

71 

67 

45 

28 

0.80 

0.61 

0.52 

0.46 

0.34 

100 

69 

64 

62 

36 

Rene ST5-C 

0.60 

0.44 

0.38 

0.23 

0.22 

100 

84 

70 

40 

32 

0.57 

0.41 

0.35 

0.28 

0.25 

100 

74 

64 

52 

34 

Rene 005ST5-A 

0.09 

0.06 

0.05 

0.03 

0.02 

100 

63 

55 

30 

11 

0.07 

0.05 

0.05 

0.03 

0.02 

100 

70 

64 

29 

16 

Rene 005ST5-C 

0.07 

0.05 

0.04 

0.03 

0.04 

100 

70 

66 

37 

46 

0.06 

0.05 

0.04 

0.02 

0.03 

100 

71 

59 

36 

32 

Rene 136LD-A 

0.27 

0.17 

0.13 

0.06 

0.05 

100 

48 

38 

16 

10 

0.33 

0.21 

0.17 

0.08 

0.04 

100 

55 

42 

19 

9 

Rene 136LD-C 

0.36 

0.24 

0.20 

0.10 

0.05 

100 

60 

47 

23 

11 

0.41 

0.27 

0.20 

0.23 

0.08 

100 

61 

47 

42 

14 


Table 6. Compression Test Results For Spring Tube DOE Analysis 


1. Heat Treatment and Loop Density Effects 

Statistical analysis shows that both heat treatment and loop density have a significant influence on 
spring tube residual interference at the start of compression cycle 20. The interaction effect between the two 
factors on resiliency, however, is not significant. 

As shown in Figure 13, increasing loop density from 28 loops/in. 2 to 136 loops/in. 2 produces a 58% 
decrease in cycle 20 residual interference. This is unexpected, as increased loop density in previous effects 
screening tests shows a moderate resiliency improvement. This trend suggests that there is likely an optimal 
loop density greater than 28 but less than 136, and once that value is exceeded, spring tube resiliency suffers. 
The gross loop density increase implemented here results in a large reduction in loop radius. This reduction 
leads to higher wire stresses, and is likely the cause of the observed resiliency loss. Numerical results from a 
finite element analysis of the 136 LD design support this conclusion. 10 



Figure 13. Effects plot showing the impact of loop density and heat treatment on average resiliency at the 
start of compression cycle 20 at 1750 °F. 

Heat treatment of the spring tube specimens using the new 5950- R41C heat treatment has a positive 
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effect on cycle 20 residual interference (Figure 13). Samples heat treated using the R41C treatment show 
a resiliency improvement of more than 2x when compared to samples subjected to the 5950-R41A heat 
treatment. 

Although interaction effects between heat treatment and loop density are not statistically significant, 
examination of the interaction plot in Figure 14 shows that the highest cycle 20 residual interference within 
the evaluated range of factor levels is achieved with the combination of heat treatment 5950- R4 1C and a 28 
loop density. 



Heat Treatment 


Figure 14. Effects plot showing the impact of loop density-heat treatment interaction on average resiliency at 
1750 °F. 

Heat treatment, loop density, and their corresponding interaction have a statistically significant effect 
on average peak load during compression cycle 20. As shown in Figure 15, increasing loop density from 28 
to 136 doubles peak load, and heat treatment R41C produces an average cycle 20 peak load 1.5x higher 
than the R41A treatment. Increasing loop density increases the amount of wire knitted into the spring 
tube design. This leads to higher sample stiffness and elevated peak loads. Improved creep resistance 
through heat treatment R41C prevents load relaxation in the spring tube during cycling, which explains the 
higher observed cycle 20 loads with the substitution of heat treatment R41C for R41A. Although increasing 
resiliency is of primary interest, these analyses show that the best factor combination (of the factor levels 
evaluated in this grouping) for spring tube load retention during cycle 20 at 1750 °F is a 136 LD design with 
the R41C heat treatment. This is highlighted in the interaction plot presented in Figure 16. 
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Figure 15. Effects plot showing the impact of loop density and heat treatment on cycle 20 peak load at 1750 
°F. 



Figure 16. Effects plot showing the impact of loop density-heat treatment interaction on cycle 20 peak load 
at 1750 °F. 

2. Heat Treatment and Wire Diameter Effects 

Statistical evaluation of cycle 20 peak load and residual interference values shows that heat treatment, 
wire diameter, and their corresponding interaction have a significant influence on both response variables. 
As shown on the effects plot in Figure 17, spring tubes fabricated using 0.009 in. dia. wire have a cycle 20 
resiliency approximately 24% higher than those fabricated from the 0.005 in. dia. wire. Figure 17 also shows 
that samples heat treated using the 5950- R41C heat treatment maintain an average residual interference 
58% higher than samples heat treated according to the R41A specification. Despite the trend highlighted 
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on the main effects plot which shows a moderate resiliency improvement with the larger 0.009 in. dia. wire, 
examination of the interaction plot presented in Figure 18 shows that within the factor levels evaluated here, 
the highest cycle 20 resiliency is achieved by combining the 0.005 in. dia. wire and the R41C heat treatment. 



Figure 17. Effects plot showing the impact of wire diameter and heat treatment on average resiliency at the 
start of cycle 20 at 1750 °F. 



R41A R41C 

Heat Treatment 


Figure 18. Effects plot showing the influence of wire diameter-heat treatment interaction on average resiliency 
at the start of cycle 20 at 1750 °F. 


Wire diameter has a much more pronounced effect on peak load than it does on resiliency. As shown in 
Figure 19, the larger 0.009 in. dia. wire produces loads approximately 9 times higher than the 0.005 in. dia. 
wire. Heat treatment in this paired evaluation does not have the same impact on load that was observed 
in previous comparisons. Heat treatment using the R41C specification produces a small decrease in peak 
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load of approximately 8.5%. This decrease may be an artifact of alloy overaging which is discussed in the 
“Limitations of Heat Treatment Effects” section. The plot of heat treatment and wire diameter interaction 
presented in Figure 20 shows that if optimizing peak load is of interest, the best combination of factor levels 
in this set for the highest cycle 20 peak load is 0.009 in. dia. wire and the R41A heat treatment. 



Figure 19. Effects plot depicting the impact of wire diameter and heat treatment on cycle 20 peak load at 
1750 °F. 



Figure 20. Effects plot illustrating the impact of wire diameter-heat treatment interaction on cycle 20 peak 
load at 1750 °F. 
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3. Limitations of Heat Treatment Effects 

At 1750 °F, it is likely that much of the benefit gained through heat treatment of the Rene 41 alloy 
(improved yield and creep strength) is relieved due to further microstructural changes that occur within the 
material when it is exposed to elevated test temperatures for extended time periods during test rig heatup. 
Based on this hypothesis, test results are conservative, and the evaluated spring tubes would likely perform 
better in actual flight conditions where an extended high temperature “soaking” of the seal is not an issue 
because peak heating times during re-entry are significantly shorter than the time required for test rig heatup. 
The 5950- R4 1C heat treatment is designed to promote the growth of intragranular gamma prime precipitates 
during aging and thus improve the high temperature strength of the Rene 41 alloy by impeding dislocation 
movement. Further exposure to elevated temperatures for extended time periods (e.g., during rig heatup) 
can result in overaging of the material. Overaging occurs when the gamma prime precipitates grow too large 
and lose their ability to prevent dislocation motion. This phenomenon can counteract any improvements 
previously imposed on the aged alloy and leave material properties comparable to those produced by the 
original R41A heat treatment. Even so, examination of the trends highlighted in Figure 21 shows that 
heat treatment R41C improves average cycle 20 residual interference by approximately 54%. This analysis 
(one-way ANOVA) differs from previous analyses (2 2 full factorial ANOVA using factor pairs) in that it 
combines test data from all three knit geometries to gauge the influence of heat treatment on spring tube 
performance. Results obtained through this analysis are consistent with those from the pair-wise analyses 
presented previously. 



Figure 21. Effects plot showing the influence of heat treatment only on average spring tube resiliency at the 
start of cycle 20 at 1750 °F. 


VI. Conclusions 


The baseline control surface seal does not satisfy the stringent design requirements for use on future 
space vehicles. Limits in high temperature seal resiliency observed during laboratory testing could lead to 
leakage of damaging hot gases past the seal during re-entry, exposing critical underlying system components 
to excessive temperatures. High temperature compression testing shows that seal resiliency can be enhanced 
by improving the spring tube component. After testing on the spring tube itself, the following conclusions 
are drawn: 

1. Creep is the dominant deformation mechanism driving spring tube resiliency loss at elevated test 
temperatures. At 1750 °F, Rene 41 ST-5 spring tubes (NASA 5950-R41A heat treatment) evaluated 
with the modified compression test method using increased load/unload rates without dwell periods 
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show a calculated cycle 10 resiliency 2. lx higher than identical spring tubes examined using the standard 
compression test procedure. This margin increases to 2.5x at the start of cycle 20 in those tests. 
Additional spring tube improvements may be obtained through further material substitution of alloys 
that would provide enhanced creep resistance (e.g., oxide dispersion strengthened alloys). 

2. DOE analysis shows that spring tube performance improvements realized in earlier tests through 
substitution of heat treated Rene 41 alloy (NASA 5950-R41A heat treatment) for the baseline Inconel 
X-750 material can be further extended through modified thermal processing. The NASA 5950-R41C 
heat treatment, designed to enhance the creep strength of Rene 41, produces a cycle 20 resiliency 
increase (at 1750 °F) of approximately 54% over samples processed according to the R41A specification. 

3. Increasing loop density from 28 to 136 loops/in. 2 produces a resiliency decay of 58% at the start of 
cycle 20 at 1750 °F. Previous testing of Inconel X-750 samples at 1500 °F shows a slight resiliency 
improvement when loop density is increased from 34 to 64 loops/in. 2 . This suggests that an optimal 
loop density may exist between 28 and 136 that could further enhance spring tube performance. 

4. As a main effect, increasing wire diameter from 0.005 in. to 0.009 in. improves cycle 20 resiliency at 
1750 °F by 24%. However, when the effect of wire diameter is examined in combination with heat 
treatment interaction, spring tubes fabricated from 0.005 in. dia. wire appear to be marginally better. 
Despite this, samples made from 0.009 in. dia. wire are preferred because the loads produced by 0.005 
in. wire spring tubes are so small that the samples would likely be inadequate for use as seal preloading 
elements. 

5. Based on the factors and levels considered herein, the best combination for extending high temperature 
performance over the baseline Inconel X-750 spring tube is a 28 LD spring tube fabricated from 0.009 
in. dia. Rene 41 wire and heat treated to the NASA 5950-R41C specification. Because the improved 
design is geometrically equivalent to the baseline spring tube, the benefits of enhanced high temperature 
resiliency can be immediately realized by directly incorporating this new design into existing seal 
applications. 
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